. Here we describe the bottom-up synthesis of ZGNRs through surfaceassisted polymerization and cyclodehydrogenation of specifically designed precursor monomers to yield atomically precise zigzag edges. Using scanning tunnelling spectroscopy we show the existence of edge-localized states with large energy splittings. We expect that the availability of ZGNRs will enable the characterization of their predicted spin-related properties, such as spin confinement 11 and filtering 12, 13 , and will ultimately add the spin degree of freedom to graphene-based circuitry.
. The edge states of zigzag graphene nanoribbons (ZGNRs) are predicted to couple ferromagnetically along the edge and antiferromagnetically between the edges 4 , but direct observation of spin-polarized edge states for zigzag edge topologies-including ZGNRs-has not yet been achieved owing to the limited precision of current top-down approaches [5] [6] [7] [8] [9] [10] . Here we describe the bottom-up synthesis of ZGNRs through surfaceassisted polymerization and cyclodehydrogenation of specifically designed precursor monomers to yield atomically precise zigzag edges. Using scanning tunnelling spectroscopy we show the existence of edge-localized states with large energy splittings. We expect that the availability of ZGNRs will enable the characterization of their predicted spin-related properties, such as spin confinement 11 and filtering 12, 13 , and will ultimately add the spin degree of freedom to graphene-based circuitry.
Graphene nanoribbons with armchair edges (AGNRs) can be synthesized using a bottom-up approach based on surface-assisted polymerization and subsequent cyclodehydrogenation of oligophenylene precursor monomers 14 . On-surface synthesis has been applied to fabricate many different AGNR structures [14] [15] [16] , N-doped AGNRs 17, 18 as well as AGNR heterostructures 18, 19 . However, it is not directly suited for ZGNRs because polymerization of monomers via aryl-aryl coupling takes place along the armchair direction rather than the zigzag direction (Fig. 1a) . Additionally, dehydrogenative cyclization of phenyl subgroups is not sufficient to form pure zigzag edges. Therefore, additional carbon functions must be placed at the edges of the monomers to complete the tiling toolbox needed for the bottom-up fabrication of arbitrary GNR structures.
In our protocol, surface-assisted polymerization and subsequent cyclization of suitably designed molecular precursors enables the synthesis of ZGNRs with control over both ribbon width and edge morphology. The idea depends on the choice of a U-shaped monomer (1), shown in Fig. 1b . With two halogen functions for thermally induced aryl-aryl coupling at the R 1 positions, this monomer allows surfaceassisted polymerization to make a snake-like polymer. This monomer design can, in principle, be generalized to form wider structures by adding additional phenyl groups at the R 1 position. Furthermore, it affords accommodation of additional phenyl groups at the R 2 position that fill the holes in the interior of the undulating polymer. The crucial precursor is monomer 1a, which carries two additional methyl groups. In this case, as well as the polymerization and planarization, an oxidative ring closure including the methyl groups is expected that would then establish two new six-membered rings together with the zigzag edge structure. The choice of R 3 further enables either the growth of pure zigzag edges (R 3 = H, 1a) or the addition of further functional groups to the edges (1b).
Monomer 1a was successfully obtained via multi-step organic synthesis (see Supplementary Information) and deposited on the clean Au(111) single-crystal surface by thermal sublimation under ultra-high vacuum conditions. If the surface is held at the dehalogenation temperature of 475 K, then precursor monomers are immediately activated and undergo polymer formation via radical addition (step 1 in Fig. 1c) . Further annealing to the cyclodehydrogenation temperature of 625 K is then applied to form the final 6-ZGNR (that is, a ZGNR that is six carbon zigzag lines wide; step 2 in Fig. 1c ). This two-step process has been successfully monitored by scanning tunnelling microscopy (STM; Fig. 2a, b) . Large-scale STM images of the Au(111) surface after deposition of precursor monomer 1a onto the substrate held at a temperature of 475 K reveal the formation of long (approximately 50 nm) polymers for which the meandering maxima in the apparent height have a periodicity of 1.55 nm, evidencing covalent-bond formation between the precursor monomers (Fig. 1c) . The maxima with apparent heights of 0.3 nm are attributed to the sterically induced out-of-plane conformation of the phenyl ring carrying the methyl groups. Further annealing the sample to 625 K results in a complete planarization of the linear structures and a decrease in apparent height to 0.2 nm, consistent with the formation of the fully conjugated ribbon structure 14 . Small-scale images (inset of Fig. 2b ) reveal completely smooth and flat edge areas. This indicates that, in addition to the cyclodehydrogenation of the two phenyl rings, the methyl groups are dehydrogenatively incorporated to form a fully conjugated system with atomically precise zigzag edges. Further structural details are accessible by non-contact atomic force microscopy (nc-AFM) imaging with a CO-functionalized tip (Fig. 2c) , which enables direct imaging of the local bond configurations at small distances 20 . The achieved resolution directly confirms that the observed width and edge morphology correspond to the expected 6-ZGNR structure as defined by the design of 1a. Furthermore, we can unambiguously state that the zigzag-edge atoms have the expected mono-hydrogen termination. Other possible terminations such as radical edges due to complete dehydrogenation or H 2 termination can be disregarded, owing to the absence of bending across the ribbon (which relates to bonding of the radical edges to the substrate 21 ) and of the distinct maxima related to H 2 edge termination (see Supplementary  Fig. 2 ), respectively. Thus, our 6-ZGNRs exhibit atomically precise edges with the expected CH termination. Both features are crucial to host the predicted antiferromagnetic edge states.
As can be seen from the STM image in Fig. 2b , the chemistry of the ZGNR fabrication process faces intrinsic complications such as frequent thermally induced chemical cross-linking of ribbons during LETTER RESEARCH the cyclization step, and, more severely, strong electronic coupling between the ribbons and the metal surface that obscures the detection of the electronic edge states. In fact, no evidence for increased intensity at the zigzag edges could be obtained in differentialconductance (dI/dV) maps recorded with tunnelling resistances of more than 0.6 MΩ, and spectra taken above the 6-ZGNRs are dominated by the (up-shifted) surface state of the underlying Au(111) substrate (not shown). However, unambiguous evidence for the sought-after edge states is obtained for 6-ZGNRs manipulated with the STM tip onto post-deposited insulating NaCl islands, where they are electronically decoupled from the underlying metal substrate 22 . An example STM image of a 6-ZGNR bridging between two NaCl islands is shown in Fig. 3a ; a dI/dV spectrum taken at the edge of the decoupled ZGNR segment is shown in Fig. 3b . In contrast to the result on Au(111), this spectrum clearly exhibits three resonance peaks near the Fermi level, with energy splittings of Δ 0 = 1.5 eV and Δ 1 = 1.9 eV between the two occupied states and the unoccupied one (Fig. 3b) . dI/dV maps acquired at these peaks demonstrate that the corresponding states are highly localized at the zigzag edges (Fig. 3d) . Their characteristic features, such as a protrusion at each outermost zigzag carbon atom and an enhanced intensity at the ribbon terminus, are in excellent agreement with the local density of states (DOS) of the corresponding Kohn-Sham density functional theory (DFT) orbitals shown in Fig. 3e . Although effective mean-field theories, such as Kohn-Sham DFT, tend to provide reliable information about the energy level ordering and the shape of orbitals in graphene nanostructures, the same is not true for the size of the electronic gap. More accurate predictions of the bandgaps of graphene nanoribbons are obtained using the GW approximation of many-body perturbation theory 23 (where 'G' and 'W' stand for 'Green's function' and 'screened interaction' , respectively). surface-assisted aryl-aryl coupling into a snake-like polymer along the zigzag direction. c, Monomer 1a, with an additional dimethyl-biphenyl group in the interior of the U-shape (R 2 position), which is designed to afford a 6-ZGNR upon polymerization (step 1) and subsequent cyclization (step 2). (The quantitative agreement between the experimentally obtained energy splittings and those calculated using many-body perturbation theory is attributed to a compensation of bandgap reduction due to screening by the underlying metal and NaCl island, and to bandgap increase due to quantum confinement within the finite decoupled ribbon segments.) This agreement, in conjunction with the agreement between experimentally determined and simulated DOS maps, clearly evidences the experimental observation of the unperturbed zigzag edge states. Although edge states have previously been observed in several systems with less-well-defined zigzag edges 9, [24] [25] [26] [27] , the reported energy splittings vary greatly and are substantially smaller than those reported 
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here. This discrepancy indicates that the electronic structure of zigzag edges is extremely sensitive to edge roughness and interaction with the supporting substrate.
The synthesis of GNRs with perfect zigzag edge periphery combined with convincing evidence of their edge states could lead to new methods for experimentally verifying the electronic, optical and magnetic properties predicted by theory [28] [29] [30] , and to the systematic engineering of these properties by using modified types of ZGNRs. As a first step along these lines, we further refined our monomer design by introducing an analogous compound 1b (Fig. 4) , which is similar to 1a except that it bears an additional phenyl group at the R 3 position (see Supplementary Information) . We expected that, owing to the steric hindrance brought about by the twisted phenyl group, the growing ribbons would be more efficiently decoupled from the surface and potentially better shielded from neighbouring GNRs. The structural characterization of the ZGNRs obtained from monomer 1b in an analogous, thermally induced polymerization-cyclization procedure is shown in Fig. 4b, c . The nc-AFM images clearly reveal that, at the cyclodehydrogenation temperature of 573 K, the external phenyl group undergoes a ring closure under the formation of a fluoranthene-type subunit with an incorporated five-membered ring, as illustrated in Fig. 4a . Because the additional ring closure can occur by dehydrogenation of either of the neighbouring zigzag-edge carbon atoms, we do not expect to observe fully periodic arrangement of the fluoranthene subunits. This expectation is confirmed by the nc-AFM image shown in Fig. 4c , which reveals three, four and five zigzag cusps that separate neighbouring fluoranthene subunits.
Controlled edge modification is a useful strategy for engineering the band structure of edge states. However, the emphasis here is on the reduction of ZGNR-substrate interaction. Indeed, the edge modification discussed above alters the ZGNR-substrate interaction enough to enable the STM to map the typical features of the edge state (see Supplementary Fig. 7) .
The successful bottom-up synthesis of atomically precise ZGNRs opens extensive opportunities and challenges for the analysis of their physical properties (for example, their band structure, magnetism and charge/spin transport) and for the fabrication of ZGNR-based devices such as the proposed spin valves 12 . However, the strong interaction of the pristine 6-ZGNR with the metal substrate (as reflected in the obstruction of the spectral features of the edge states) raises important questions regarding the chemical reactivity of the zigzag edges, which needs to be controlled to be able to study and apply these materials under ambient conditions. A promising method for doing so is provided by edge 'passivation' approaches that preserve the electronic properties of the ribbon, but reduce the chemical reactivity of their (functionalized) edges 31 .
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